Introduction channels, the effector phospholipase C-␤, and protein kinase C (Shieh and Zhu, 1996; Chevesich et al., 1997) . Rapid and reliable signal transmission in neurons reMutations of distinct PDZ domains in inaD selectively quires the proper subcellular distribution of ion channels disrupt individual components in this signaling pathway and extracellular receptors. High densities of ion chan- (Tsunoda et al., 1997) . Similarly, PSD-95 appears to ornels occur at specializations of the plasma membrane ganize NMDA receptor signal transduction cascades at such as synaptic junctions and nodes of Ranvier. Cypostsynaptic sites. While either the first or second PDZ toskeletal proteins enriched at these sites are thought domain of PSD-95 binds to NMDA receptor subunits, to bind to cytoplasmic determinants of ion channels the second PDZ domain of PSD-95 selectively interacts and receptors and thereby mediate clustering of these with the N-terminal PDZ domain of neuronal nitric oxide membrane proteins (Froehner, 1993; Hall and Sanes, synthase (nNOS) , an effector enzyme for NMDA receptor 1993; Kuhse et al., 1995) . The accumulation of Na ϩ chanactivity (Brenman et al., 1996a) . It is likely that other nels at nodes of Ranvier in association with the cytoskelsignaling cascades at the synapse are also assembled etal protein ankyrin (Srinivasan et al., 1988; Kordeli et al., on scaffoldings comprised of PSD-95 and related pro-1990 ) and the clustering of glycine receptors at inhibitory teins. By organizing synaptic signaling and mediating synapses in association with gephyrin (Kuhse et al., ion channel interactions with the cytoskeleton, PSD-95 1995) are classical examples.
and related proteins are likely to regulate aspects of Recently, the postsynaptic density-95 (PSD-95/SAP90) synaptic plasticity. Indeed, mutations in dlg disrupt family of cytoskeletal proteins (Cho et al., 1992;  Kistner structural plasticity of a glutamatergic synapse in Droet al., 1993; Muller et al., 1995 Muller et al., , 1996 Kim et al., 1996) , sophila (Guan et al., 1996) . which includes SAP97, SAP102 and PSD-93 (ChapsynThough PSD-95 efficiently associates with proteins at 110), has been suggested to mediate receptor clustering synaptic membranes, PSD-95 itself lacks a hydrophobic at excitatory synapses in brain (Sheng, 1996;  Kornau transmembrane domain. Some intracellular proteins et al., 1997). PSD-95 was originally purified from brain that play critical roles at the plasma membrane are modipostsynaptic density, the submembranous cytoskeleton fied by the addition of long chain fatty acids, which mediate protein targeting to the membrane. Cotranslabeneath central synapses that aggregates postsynaptic tional attachment of myristic acid to N-terminal glycine receptors and their associated signal transduction maand posttransitional attachment of prenyl groups to chinery. cDNA cloning of PSD-95 revealed a domain C-terminal motifs are well-characterized modifications (Johnson et al., 1994; Zhang and Casey, 1996) . For example, myristoylation and prenylation of ras GTPases are essential for membrane targeting and signal transduction by these proteins (Casey, 1994) . More recently, addition of palmitic acid by thioester linkage to cysteine residues has been described. Palmitate is a 16 carbon saturated fatty acid that is attached postranslationally. This reversible modification increases protein hydrophobicity and facilitates protein interactions with lipid bilayers. A select group of signal transduction enzymes including G proteins, src family tyrosine kinases, and endothelial NOS (eNOS) is palmitoylated (Bouvier et al., 1995; Milligan et al., 1995a; Robinson et al., 1995; Yurchak and Sefton, 1995) . Attachment of palmitate is dynamically regulated during signal transduction events, and this palmitoylation mediates membrane localization and functional interactions of these proteins (Wedegaertner and Bourne, 1994; van't Hof and Resh, 1997) .
Here, we show that PSD-95 protein in brain and in transfected COS cells partitions primarily as an integral membrane protein and that this behavior relies on the N terminus of the protein. Metabolic labeling demonstrates that PSD-95 is robustly palmitoylated in neurons and that PSD-95 is a major palmitoylated protein in both brain slices and transfected COS cells. Alignment of PSD-95 with other palmitoylated protein sequences indicates that cysteines 3 and 5 in PSD-95 occur in a tentative consensus for palmitoylation. We find that mutation of either cys-3 or cys-5 abolishes both palmitoylation and integral membrane association of PSD-95. We also find that integral membrane targeting through palmitoylation is required for in vivo interactions of PSD-95 with the K ϩ channel K V 1.4. These studies establish centrifugation into a soluble fraction (S) and an insoluble membrane pellet fraction (P). Equal fractions (not equal protein) were separated by SDS-PAGE and processed for Western blotting with antisera to
Results

PSD-95 (A) or SAP97 (B)
. Cell membranes prepared from COS cells transiently transfected with PSD-95 were extracted under the same conditions as above and probed for PSD-95 (C).
PSD-95 Displays Hydrophobic Partitioning with Brain and COS Cell Membranes
Subcellular fractionation of brain homogenates has shown that PSD-95 protein is enriched in the postsynapthe C terminus of PSD-95 (data not shown). This lower molecular weight form is efficiently extracted by pH 11 tic density (Cho et al., 1992; Kistner et al., 1993) . To characterize the association of PSD-95 with the particuor 1 M NaCl, consistent with the idea that the N terminus of PSD-95 mediates the hydrophobic membrane interlate fraction of brain, we evaluated the extraction properties of the protein. Crude brain membranes were exaction. Reprobing the Western blot shows that SAP97, a protein highly related to PSD-95, is more efficiently tracted with either sodium carbonate buffer (pH 11), 1 M NaCl, or 1% NP-40. Western blot analysis showed extracted by sodium carbonate buffer (pH 11) and by 1 M NaCl ( Figure 1B ). Extraction of PSD-95 from transfected that approximately 50% of full-length PSD-95 protein (95 kDa band) is extracted with sodium carbonate buffer COS cells shows that PSD-95 also displays hydrophobic interaction with COS cell membranes and is poorly ex-(pH 11), 1 M NaCl, or 1% NP-40 ( Figure 1A ). The inefficient extraction of PSD-95 at either pH 11 or with 1 M tracted with either sodium carbonate buffer (pH 11) or with 1 M NaCl ( Figure 1C ). NaCl, conditions that generally disrupt protein-protein interactions and remove peripheral membrane proteins, is consistent with a hydrophobic interaction of PSD-95
PSD-95 Is Robustly Palmitoylated in Intact Cells
The hydrophobic partitioning of PSD-95 in brain and with brain membranes. In addition to the band at 95 kDa protein, Western blotting for PSD-95 identifies a lower COS cell extracts suggested possible modification of the protein by fatty acid. As PSD-95 lacks classical conband ‫07ف(‬ kDa). This lower molecular weight band appears to be a truncated form of PSD-95 lacking the N sensus sequences for either N-terminal myristoylation or C-terminal prenylation (Johnson et al., 1994 ; Zhang terminus, as it has been previously noted in several other studies (Cho et al., 1992; Kornau et al., 1995) , and we and Casey, 1996) , we determined whether PSD-95 protein in brain is palmitoylated. Brain slices from adult find that it is detected with an antibody directed against (Figure 2A ). The intensity of the ures 3C and 3D). Protein palmitoylation occurs at the plasma memimmunoprecipitated PSD-95 band was striking. This band was nearly as intense as any band seen in the brane, and biochemically characterized palmitoyl transferase activities are tightly membrane-associated (Das input lane, which contained 20% of the protein used for immunoprecipitation. This indicates that PSD-95 is a et al., 1997). Palmitoylation of cytosolic proteins often requires they first be transiently recruited to the memmajor palmitoylated protein in brain. We also determined whether exogenous PSD-95 overexpressed in cultured brane by protein interactions or other prior modifications such as myristoylation (Milligan et al., 1995b ; Mumby, neurons is palmitoylated. A recombinant replicationdeficient adenovirus that expresses PSD-95 was con-1997). PSD-95 protein can be recruited to the plasma membrane of COS cells by coexpression of interacting structed and used for infection of cerebellar granule neurons, which contain relatively low levels of endogeion channels such as NMDA receptors (Irie et al., 1997) or K V 1.4 (Kim et al., 1995) , which bind to PDZ domains nous PSD-95 (Kistner et al., 1993) the N terminus at positions 3 and 5 and four others labeled bands were detected by fluorography. Coomasscattered throughout the protein (Cho et al., 1992 ; sie blue staining showed an identical pattern of bands Kistner et al., 1993) . While no strict consensus sequence in transfected and untransfected cells, indicating that exists for palmitoylation, many palmitoylated proteins PSD-95 was not one of the major proteins expressed in are modified at N-terminal cysteines, particularly cys-3 the transfected cells ( Figure 3A ). By fluorography, un- (Milligan et al., 1995b) . For example, many G protein transfected cells displayed several palmitoylated bands, subunits, src family protein kinases, and the growth including a prominent band of ‫39ف‬ kDa. In addition to cone-associated protein GAP-43 are palmitoylated on these bands, transfected cells showed an additional cys-3 (Milligan et al., 1995b) . Aligning the N terminus labeled band of 95 kDa that was not apparent in unof PSD-95 with these proteins shows their sequence transfected cells ( Figure 3B ). Immunoprecipitation demonstrated that this 95 kDa protein was indeed PSD-95, similarity, which is limited to a conserved cysteine at Figure 4A ). SAP97, which does not display kDa. The accumulation of this higher molecular weight species over time (0.5, 10, or 20 hr) was mirrored by a hydrophobic partitioning with brain membranes, lacks N-terminal cysteines (Muller et al., 1995) . To determine decrease in the density of the 95 kDa band ( Figure 5 ). The Ͼ200 kDa band could be completely eliminated and whether cys-3 and/or cys-5 in PSD-95 serve as sites for palmitoylation, we generated mutants of PSD-95 in the lower band intensity restored by treating the brain extracts with ␤-mercaptoethanol prior to SDS-PAGE which either one or both of these cysteine residues were mutated to serine. COS cells transfected with these muanalysis, indicating that the upper band is due to oxidation and disulfide bond formation in vitro ( Figure 5 ). The tant constructs or wild-type PSD-95 was labeled with [ 3 H]palmitate, and PSD-95 was isolated by immunopretotal amount of immunoreactive PSD-95, monomeric and multimeric, was decreased by 10 hr of storage. This cipitation. Western blotting showed that equivalent amounts of the wild-type and mutant PSD-95 were exmay reflect oxidation to higher order species that can not enter the acrylamide gel, as the intensity is restored pressed and purified from the COS cells ( Figure 4B ). Fluorography showed that mutation of either cys-3 or by treatment with reducing agent. As previously reported (Hsueh et al., 1997) , the vast majority of PSDcys-5 or both completely eliminated palmitoylation of PSD-95 ( Figure 4C ). It is not clear why mutation of either 95 in transfected COS cells migrates as a monomer in nonreducing SDS-PAGE, and we find that it will also of the two cysteines completely blocks palmitoylation of the protein, but palmitoylation of certain other prooligomerize through oxidation in vitro ( Figure 5 ). The degree to which PSD-95 is disulfide-linked relative to teins also requires two closely adjacent cysteines (Liu et al., 1995) . palmitoylated is unclear, but it is apparent that the vast majority is monomeric in vivo and available for palmitoyWhile we find that PSD-95 is highly palmitoylated via thioester linkages to cys-3 and/or cys-5, other work suglation. gests that these cysteines form intermolecular disulfide bonds that covalently multimerize PSD-95 (Hsueh et al.,
Palmitoylation of PSD-95 Mediates Association with Cell Membranes and Ion Channels 1997). To understand better the relative significance of these two distinct cysteine modifications, we sought to
In Vivo
We next asked whether palmitoylation of PSD-95 regudetermine the fraction of PSD-95 that is disulfide-linked in vivo. To prevent oxidation and disulfide bond formalates association with cell membranes and interactions with ion channels. We first assessed the subcellular distion in vitro, rat brains were quickly dissected, homogenized, and protein extracts immediately resolved by tribution of palmitoylated PSD-95. Transfected COS cells were metabolically labeled with [ the tail of K V 1.4 (Kim et al., 1995) . To verify that the PDZ domains of palmitoylation-deficient PSD-95 retained their ability to bind to C-terminal targets, we evaluated its their regulation by RGS proteins independent of membrane targeting (Tu et al., 1997) . To determine To determine whether palmitoylation mediates this membrane association, we compared the extraction whether integral membrane targeting of PSD-95 can functionally substitute for palmitoylation, we constructed properties of wild-type and palmitoylation-deficient PSD-95 proteins transfected in COS cells. While the chimeric molecules with the human T lymphocyte type I transmembrane protein CD8 (Littman et al., 1985) . Mumajority of wild-type PSD-95 protein remains membrane-associated following extraction with either phytant cDNAs were constructed linking the extracellular and transmembrane domain of CD8 to either a wildsiological saline or sodium carbonate buffer (pH 11), approximately 50% of the mutant PSD-95 proteins is type or a palmitoylation-deficient mutant of PSD-95. As expected, the resulting chimeras, expressed in transsoluble in saline solution, and essentially all the mutant proteins are extracted at pH 11 ( Figure 6B ). This indifected COS cells, partitioned as integral membrane proteins (data not shown). Importantly, when cotransfected cates that integral membrane association of PSD-95 requires palmitoylation of cys-3 and/or cys-5.
with K V 1.4, both the chimeric wild type and chimeric palmitoylation-deficient mutant of CD8/PSD-95 coimmuBy targeting PSD-95 to the plasma membrane, palmitoylation may facilitate interaction of the protein with noprecipitated with KV1.4 ( Figure 7C ). Taken together, these data indicate that palmitoylation of PSD-95 regumembrane-associated ion channels. To address this possibility, we cotransfected COS cells with either wildlates membrane targeting, which is then essential for ion channel interactions in vivo. type or palmitoylation-deficient PSD-95 together with K ϩ channel KV1.4, which binds to the PDZ domains of PSD-95 (Kim et al., 1995) . To quantitate interaction of Discussion K V 1.4 with PSD-95, we immunoprecipitated the solubilized COS cell extracts with antiserum to K V 1.4. While
The primary findings of this study are that PSD-95 is palmitoylated on cys-3 and/or cys-5 and that this palmiwild-type PSD-95 was avidly coimmunoprecipitated with K V 1.4, the palmitoylation-deficient mutant was not toylation is essential for membrane targeting and the association of PSD-95 with ion channel K V 1.4. Significant ( Figure 7A) . Biochemical experiments have shown that PDZ domains alone bind directly to the tSXV motif at palmitoylation of PSD-95 seems likely because PSD-95 the more readily solubilized partitioning of the palmitoyis one of the major palmitoylated proteins in both brain slices and in transfected COS cells, even though PSDlation-deficient mutant. Also, PSD-95 in brain extracts coimmunoprecipitates with the K ϩ channel KV1.4 (Kim 95 is not one of the major proteins in these preparations. In addition, mutation of the palmitoylation sites alters et al., 1995), and we find that this interaction in vivo requires protein palmitoylation. the biochemical properties of PSD-95 protein in COS cells, indicating that a majority of the protein is palmitoy-PSD-95 is a member of a large family of membraneassociated guanylate kinase (MAGUK) proteins that oclated. Our data also strongly suggest that PSD-95 is highly palmitoylated in intact brain. First, PSD-95 from cur at synaptic membranes and at sites of cell-cell contact in epithelia and other nonneuronal cells (Cho et (Hsueh et al., 1997) . This mains and appear to function as a scaffolding that organizes signaling molecules at membrane junctions (Sheng, work concluded that cys-3 and cys-5 form intermolecular disulfide bonds, which multimerize PSD-95 subunits 1996; Brenman and Bredt, 1997; Kornau et al., 1997) . Our work shows that membrane association of PSD-95 and facilitate K ϩ channel coclustering. Our work demonstrates N-terminal palmitoylation as an alternative explais not only mediated by its protein interaction motifs but also critically by N-terminal palmitoylation. It will be nation for the observed critical role of cys-3 and cys-5 in mediating channel clustering at the cell membrane. important to determine whether other related MAGUK proteins are also targeted to the plasma membrane by
In addition to providing a membrane anchor, palmitoylation often targets proteins to discrete subdomains of posttranslational fatty acid modifications. While SAP97 lacks N-terminal cysteine residues (Muller et al., 1995) , the plasma membrane. In nonneuronal cells, palmitoylation directs many proteins to caveolae, small cave-like two other neuronal MAGUKs, SAP102 and PSD-93 (Chapsyn-110), contain N-terminal cysteines (Brenman plasma membrane invaginations whose specialized lipid composition resists solubilization with nonionic deteret al., 1996b; Kim et al., 1996; Muller et al., 1996) . SAP102 contains cysteines at positions 7, 8, 10, and 13 (Muller gents (Anderson, 1993; Lisanti et al., 1995) . While caveolar structures have not been observed in neurons, a et al., 1996) , while two different alternatively spliced N-terminal forms of PSD-93 exist: one form contains defining characteristic of PSD-95 from brain is its insolubility in nonionic detergents (Cho et al., 1992) . This insolcysteines at positions 3 and 5, and the other alternatively spliced form contains cysteines at residues 5 and 7 ubility may be due, in part, to protein palmitoylation. At a functional level, caveolae aggregate and integrate (Brenman et al., 1996b) . Palmitoylation of PSD-93 and SAP102 therefore seems likely, as these proteins are signal transduction cascades, particularly those involving heterotrimeric G proteins and tyrosine kinases (Anboth tightly associated with brain membranes (Kim et al., 1996; Muller et al., 1996) . Furthermore, the glutamate derson, 1993; Lisanti et al., 1995) . Similarly, PSD-95 and related proteins appear to organize signaling pathways receptor-interacting multi-PDZ protein (GRIP) contains a pair of N-terminal cysteines at positions 8 and 10 at cellular junctions (Brenman and Bredt, 1997) . Through multiple PDZ domain interactions, PSD-95 assembles a (Dong et al., 1997) , and palmitoylation may also target GRIP to synaptic membranes. While protein palmitoylatight ternary complex with NMDA receptors and nNOS (Brenman et al., 1996a) . This complex appears to medition often occurs at the N terminus, internal cysteines can also be modified. p55, a MAGUK protein related to ate efficient coupling of calcium influx through NMDA receptors to NO biosynthesis in neurons. Interestingly, PSD-95, lacks N-terminal cysteines but is nonetheless palmitoylated. In fact, p55 partitions as an integral memin endothelial cells, eNOS itself is palmitoylated and targeted to caveolae (Feron et al., 1996 ; Garcia-Cardena brane protein and was originally isolated as the major palmitoylated protein in erythrocytes (Ruff et al., 1991 (Ruff et al., ), et al., 1996 . This may suggest that NO signaling in diverse tissues is associated with specialized plasma suggesting that this fatty acid modification may play a general role in the function of PDZ proteins at cell membrane lipid compartments. Future studies will determine how subcellular targeting through palmitoylamembranes.
Palmitoylation is likely to participate in the high-dention regulates signal transduction through the PSD-95-associated complex. sity clustering of ion channels at postsynaptic sites mediated by PSD-95. Biochemical studies in vitro demonPalmitoylation of proteins, unlike other lipid modifications, is a readily reversible and dynamic process that strate that PDZ domains of PSD-95 directly bind with high affinity and specificity to the tails of NMDA recepis regulated by diverse inputs (Milligan et al., 1995b; Mumby, 1997) . Regulated palmitoylation controls protors, K ϩ channels, and other transmembrane proteins terminating in (E-T/S-X-V/I) (Sheng, 1996; Kornau et al., tein recruitment to the membrane and thereby mediates intracellular signaling. In the case of heterotrimeric G 1997). Our work demonstrates that interaction with a K ϩ channel in vivo requires membrane targeting of PSDproteins, receptor activation increases palmitate turnover and translocation of G␣ from the plasma membrane 95 by N-terminal palmitoylation. We propose that by redistributing PSD-95 from the cytosol to the two-dimento the cytosol (Wedegaertner and Bourne, 1994) . Similarly, PSD-95 in brain or COS cell extracts occurs in sional surface of the cell membrane, palmitoylation increases the local concentration of PSD-95 in the vicinity both membrane-associated and soluble fractions, and we find that this dual distribution is determined by of transmembrane ion channels ( Figure 7D ). In support of this model, we find that adding the CD8 transmem-N-terminal palmitoylation. By analogy to agonist-stimulated depalmitoylation of G proteins, acylation of PSDbrane domain to PSD-95 can functionally substitute for palmitoylation to facilitate ion channel interaction in 95 may be regulated by NMDA receptor activation. It is intriguing that NO has also been shown to inhibit vivo. In transfected cells, PSD-95 causes a redistribution of K V 1.4 to flat raft-like clusters at the cell surface (Kim palmitoylation of G proteins and GAP-43 in neurons (Hess et al., 1993) . PSD-95 directly links to NMDA recepet al., 1995) . SAP97, which lacks N-terminal cysteines, also binds to KV1.4 in vitro. However, when cotranstors and NOS (Brenman et al., 1996a) . PSD-95 is therefore exposed to relatively high local concentrations of fected into COS cells, SAP97 and K V 1.4 form intracellular aggregates distinct from surface clusters; this may be NO during synaptic activity. It will now be important to determine how palmitoylation of PSD-95 is regulated at due to lack of N-terminal palmitoylation sequences (Kim and Sheng, 1996) . As further evidence that N-terminal the synapse and whether this contributes to the redistribution of ion channels at the postsynaptic density that palmitoylation mediates channel interactions, a very recent study reported an essential role for cys-3 and cys-5 underlies synaptic plasticity.
Experimental Procedures
and incubated at 4ЊC for 1 hr. The lysates were treated for immunoprecipitation as above and the beads washed with TEE containing 1% Triton X-100. Antibodies A GST fusion protein encoding amino acids 1-97 of SAP97 was For fluorography, protein samples were separated by SDS-PAGE stained with Coomassie blue. Gels were treated with Amplify (Amerexpressed and purified from Escherichia coli. Guinea pigs were immunized with the fusion protein emulsified in complete and incomsham) for 30 min, dried under vacuum, and exposed to Hyperfilm-MP (Amersham) at Ϫ80ЊC. For hydroxylamine treatment, duplicate plete Freund's adjuvant and bleeds analyzed by ELISA. To generate the C-terminal PSD-95 antibody in rabbit, an N-terminally acetylated gels were treated with either 1 M Tris-HCl (pH 7.0) or 1 M hydroxylamine (pH 7.0) for 18 hr at 25ЊC, stained with Coomassie blue, and peptide (EEIYHKVKRVIEDLSGC) corresponding to amino acids 698-714 of PSD-95 was synthesized and coupled to KLH. The N-terminal fluorographed as described above. For Western blotting, protein was electroblotted onto PVDF (Millipore), probed with the appro-PSD-95 antibody 931 was previously described (Brenman et al., 1996b) . Monoclonal PSD-95 antibody 046 was purchased from priate antiserum and horseradish peroxidase (HRP) conjugated secondary antibodies (Amersham), and visualized using enhanced Affinity Bioreagents (Golden, CO). Affinity purified KV1.4 was a generous gift from Dr. Lily Jan (UCSF).
chemiluminescence (Pierce).
Preparation of Brain Slices Membrane Fractionations
Forebrain from adult rats was cut at 0.4 mm intervals in both the COS cell membranes were prepared essentially as described (Liu sagittal and coronal planes. The slices were dispersed in Krebset al., 1995) . In brief, transfected cells were disrupted in 500 l of Henseleit buffer containing 118 mM NaCl, 4.7 mM KCl, 2 mM CaCl2, homogenization buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1 mM 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 11 mM glucose, EDTA, 0.1 mM EGTA, 0.01% ␤-mercaptoethanol) by dounce homog-10 mg/ml fatty acid free bovine serum albumin, and 2 g/ml ceruenization on ice. Unbroken cells, nuclei, and large organelles were lenin and preincubated at 37ЊC for 30 min. The Krebs-Henseleit removed by centrifugation at 1000 ϫ g for 10 min followed by centrifbuffer was then replaced with fresh buffer containing 1 mCi/ml ugation at 10,000 ϫ g for 10 min. These second supernatants were [ 3 H]palmitic acid and incubated for 4 hr. Following labeling, the slices centrifuged at 100,000 ϫ g for 90 min at 4ЊC, and the resulting were dounce homogenized in TEE/0.5% SDS, incubated for 60 min membrane pellets were extracted on ice for 30 min in either homogeat 4ЊC, the SDS was neutralized with three volumes of 1% Triton nization buffer (HB) or HB supplemented with 100 mM sodium car-X-100, and the samples immunoprecipitated with PSD-95 antisera. bonate buffer (pH 11), 1 M NaCl, or 1% NP-40. Extracts were then Protein separation and fluorography was performed as described centrifuged at 100,000 ϫ g for 90 min. Equal fractions (not equal above, and the gel was exposed to film for 4 weeks. protein) of the final soluble and pellet fractions were then analyzed by Western blotting with a PSD-95 antibody. Rat brain extractions used an identical procedure. Equal fractions were then analyzed Neuronal Cell Culture by Western blotting with multiple PSD-95 antisera as described Cerebella from 7-day-old rat pups (Charles River) were dissociated (Brenman et al., 1996b) and an antibody to SAP97.
by trituration, and cells were plated onto 24-well dishes coated with 20 g/ml poly-D-lysine at a density of 5 ϫ 10 5 cells per well in DMEM supplemented with 10% FBS, 2 mM glutamine, 20 mM KCl, 100 DNA Constructions and Transfections U/ml penicillin G, and 100 g/ml streptomycin. Cytosine arabinoside Wild-type (WT) and mutant PSD-95 constructs were generated by (10 M) was added 24 hr after plating to inhibit glial proliferation. PCR, subcloned into the HindIII and EcoRI sites of GW1 (British Recombinant adenoviruses were generated by subcloning PSD-95 Biotechnology), and mutations were verified by dideoxynucleotide into pAdlox-4, linearizing with Sfi I, and introducing the vector into sequencing. Mutations were introduced using 5Ј primers designed packaging cells as described (Hardy et al., 1997) . Crude cell lysates with point mutations changing cysteine codons (TGT) at positions were used for infection of primary granule cell cultures at a dilution 3 and 5 to serine codons (AGT). KV1.4 GW1 construct was a generous of 1:100. Cultures were infected and at 72 hr postinfection were gift from Dr. Morgan Sheng (Massachusetts General Hospital) .
either metabolically labeled with [ 3 H]palmitate as described above PSD-95-CD8 constructs were generated by PCR, fusing the first or processed for immunofluorescence using a PSD-95 antibody as 211 amino acids of human CD8 in frame with the starter methionine described (Brenman et al., 1996b) . of full-length WT and C35S PSD-95 GW1 constructs. The CD8 construct was a gift from Dr. Arthur Weiss (UCSF).
GST Fusion Protein Affinity Chromatography COS7 cells were grown in Dulbecco's modified Eagle's medium COS cells transiently transfected with PSD-95 constructs were dis-(DMEM) containing 10% fetal bovine serum, penicillin, streptomycin, rupted in TEE in a dounce homogenizer, adjusted to 1% Triton and L-glutamine in 5% CO2. DNA for transfection was prepared X-100, and incubated at 4ЊC for 1 hr. Supernatants were incubated using Qiagen columns. Cells were transiently transfected with WT at 4ЊC for 1 hr with either GST fusion proteins encoding the last and mutant PSD-95 and K V 1.4 constructs using Lipofectamine renine amino acids of the NMDA receptor (KLSSIESDV) or GST alone agent according to the manufacturer's protocol (GIBCO).
bound to glutathione Sepharose beads (Pharmacia, Pleasant Hill, CA). The beads were washed three times with 1 ml of TEE containing Analysis of Palmitoylation 1% Triton X-100, boiled in SDS-PAGE sample buffer, and analyzed Transfected COS cells (48 hr posttransfection) were preincubated by Western blotting for PSD-95. for 30 min in serum free DMEM with cerulenin (2 mg/ml; Sigma) and fatty acid free bovine serum albumin (10 mg/ml; Sigma). Palmitic Analysis of Disulfide-Bridged Oligomers of PSD-95 acid was dried under N 2 and resuspended in absolute ethanol so Freshly harvested rat brain or COS cells were briefly disrupted with the final volume of resuspended palmitic acid was Ͻ1% of the a polytron homogenized in 20 volumes of TEE buffer. Aliquots were labeling medium. Cells were labeled with 1 mCi/ml [ 3 H]palmitic acid immediately removed and diluted 1:1 with 2ϫ SDS-PAGE loading (50 Ci/mmol; New England Nuclear) for 4 hr in the preincubation buffer either containing or lacking 100 mM ␤-mercaptoethanol and medium. Cells were scraped into tubes containing cold PBS, centriwere frozen in a liquid N2 bath. The remaining homogenates in TEE fuged at 2000 ϫ g for 2 min, and resuspended in 1 ml of RIPA buffer.
buffer were incubated at 4ЊC, and aliquots were removed at various Extracts were incubated for 1 hr at 4ЊC, and insoluble material was time points prior to dilution with loading buffer. These proteins samremoved by centrifugation. Lysates were precleared with 50 l of ples were resolved by SDS-PAGE in the absence of reducing agents protein A-Sepharose for 1 hr at 4ЊC. The supernatant was then and immunoblotted for PSD-95. incubated for 1 hr at 4ЊC with 15 l of PSD-95 antiserum 931, and 50 l of protein A-Sepharose was added and incubated at 4ЊC for an additional 1 hr. The beads were then washed three times with 1
